Introduction {#S1}
============

Photosystem II (PSII) is the multimeric pigment-protein complex responsible for catalyzing the first steps of oxygenic photosynthesis. It uses light energy to induce stable charge separation in the reaction center (RC), initiating a series of downhill redox reactions that ultimately drive the synthesis of organic molecules from inorganic carbon.

In vascular plants, PSII is organized into supercomplexes consisting of a core and a peripheral antenna^[@R1]^. The core is composed of the RC complex and two antenna proteins, CP43 and CP47, which bind chlorophylls (Chls) *a* and carotenoids^[@R2]^. The peripheral antenna is made up of Light-Harvesting Complexes (LHCs), a family of integral membrane proteins which bind Chls *a*, Chls *b* and carotenoids^[@R3]^. LHCII, the major complex, is a trimer composed of the isoforms Lhcb1, Lhcb2 and Lhcb3^[@R4]^. There are 1-3 trimers per PSII core and together they coordinate \~65% of total PSII chlorophyll^[@R1],[@R5]^. The minor antennae, CP24, CP26 and CP29, are monomers present in a 1:1 ratio per PSII core and together coordinate \~20% of total PSII Chl^[@R1]^. These antenna complexes increase the absorption cross section of the core by harvesting light and transferring the excitation energy to the RC^[@R6]^. However, due to natural fluctuations in light intensity, the amount of light absorbed often exceeds the capacity of the electron transfer reactions. In this situation, the excess of excitation energy may result in the formation of reactive oxygen species which can irreversibly damage PSII and cause a sustained decline in photosynthetic efficiency^[@R7]^. To prevent this from occurring, most photosynthetic organisms have evolved mechanisms to dissipate excess excitation energy as heat, a process termed non-photochemical quenching (NPQ)^[@R8]^.

In vascular plants, activation of NPQ requires (1) acidification of the thylakoid lumen^[@R9]^ (2) protonation of the protein PsbS^[@R10],[@R11]^, and (3) the xanthophyll zeaxanthin^[@R12],[@R13]^. It is unclear what role PsbS plays following protonation, although the fact that it has no bound pigments suggests that it is not acting as a direct quencher^[@R14],[@R15]^. The role of zeaxanthin is also unclear; it has been proposed to play either a direct role in quenching^[@R16]^ or an indirect role, inducing conformational or organizational changes in the PSII antenna^[@R8]^.

The precise location of quenching in the PSII supercomplex has been the subject of an intense debate since the 1980s. A predominant idea in the literature is that it occurs in LHCII. This was first proposed by Horton and Ruban following the observation that *in vitro* aggregates of LHCII are highly quenched^[@R17]^. This type of quenching was shown to have characteristics similar to NPQ as it was enhanced by low pH and zeaxanthin^[@R18]--[@R20]^. More recently, the formation of LHCII clusters was shown to occur *in vivo* using freeze-fracture electron microscopy of intact membranes^[@R21]^. This clustering was induced by high light, reversible in the dark and enhanced by the presence of PsbS and zeaxanthin^[@R21],[@R22]^.

An alternative model, is that of zeaxanthin-dependent quenching in the minor antennae. The proposal originated from the observation that CP29 and CP26 could be reversibly protonated and that the minor antennae appeared to have a relatively high affinity for zeaxanthin^[@R23]--[@R25]^. It has also been suggested that the two models are not necessarily mutually exclusive. Holzwarth *et al.* (2009) proposed a two-site quenching model in which the first site (Q1) is PsbS-dependent and is formed in functionally detached LHCII, and a second site (Q2) is zeaxanthin-dependent and formed in the minor antennae^[@R26]^.

Despite the availability of knock-down and knock-out plants for each LHC, the contribution of each of the complexes to NPQ has remained unclear^[@R27]--[@R29]^**.** Due to the location of CP24, CP26, and CP29 between the core and LHCII, the effect of deleting the minor antennae on NPQ is distorted by concomitant structural changes in the PSII supercomplex^[@R27],[@R30]^. Similarly, knock-down of LHCII has previously resulted in the upregulation of CP26 and the formation of Lhcb3/CP26 trimers^[@R29]^. These proxy trimers have been said to partially take on the role of LHCII, including the role in energy dissipation, explaining the mere \~30% reduction in NPQ^[@R8],[@R31]^.

In the present study we have used amiRNA knock down in *Arabidopsis thaliana* to effectively silence Lhcb1 and Lhcb2 and thereby remove LHCII trimers *in vivo*. In these plants, named NoLHCII, we see no upregulation of other LHCs or the formation of proxy trimers. With this system we are able to directly verify the contribution of LHCII to NPQ.

NoLHCII is a mutant of *Arabidopsis* lacking LHCII trimers {#S2}
----------------------------------------------------------

LHCII trimers are composed of varying combinations of the three isoforms, Lhcb1, Lhcb2, and Lhcb3. We have crossed two amiRNA knockdown lines, *amiLhcb1*and *amiLhcb2*^[@R32]^ for effective silencing of the eight genes encoding the two most abundant isoforms, Lhcb1 and Lhcb2. While Lhcb3 remains, this isoform is unable to homotrimerise and accounts for only \~10% of WT LHCII under normal growth conditions^[@R4],[@R33]^.

The micro-antisense silencing was effective at reducing Lhcb1 and Lhcb2 to \<5% and \<1% of that of WT ([Figure 1a, c, d](#F1){ref-type="fig"}). The absence of LHC trimers and larger PSII supercomplexes was confirmed by blue native PAGE ([Figure 1b](#F1){ref-type="fig"}). The band which appears at the same level as the LHCII-CP29-CP24 assembly in WT was found to be a PSII core repair intermediate (CP43-less PSII core) co-migrating with small quantities of loose PSI antenna complexes (LHCI) ([Extended Data 1](#F6){ref-type="fig"}). All other PSII antenna proteins remained in a similar stoichiometry with the PSII core ([Figure 1c, d](#F1){ref-type="fig"}).

NoLHCII phenotype {#S3}
-----------------

When grown in a climate chamber under controlled conditions NoLHCII plants exhibit a pale green phenotype and a slightly smaller rosette size than WT ([Figure 2](#F2){ref-type="fig"}). The loss of LHCII results in a 42% decrease in Chl content per leaf area, an increase in Chl *a*/*b* ratio and an overall reduction in leaf absorption ([Table 1](#T1){ref-type="table"}). The maximal photochemical yield of PSII (F~V~/F~M~) was 0.75 ± 0.02 in NoLHCII versus 0.82 ± 0.01 in wild type.

Functional antenna size {#S4}
-----------------------

To assess the functional antenna size of PSII, fluorescence induction measurements were performed on DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea)-infiltrated leaves ([Figure 3a](#F3){ref-type="fig"}). In the presence of DCMU, the rise to the fluorescence maximum (F~M~) represents a single, stable charge separation in PSII, the rate of which is directly proportional to light intensity and functional antenna size^[@R34],[@R35]^. Electron transport rates for both WT and NoLHCII increase linearly with light intensity, however the slope of this linear fit is reduced in NoLHCII, corresponding to a 53 ± 1.3% decrease in PSII functional antenna size ([Figure 3b](#F3){ref-type="fig"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}).

Adjustment of PSI/PSII stoichiometry {#S5}
------------------------------------

The even distribution of excitation energy reaching PSI and PSII is critical for maintaining a high efficiency of photosynthesis. To account for the 53% reduction in PSII antenna size, one might expect a decrease in the PSI:PSII reaction center ratio. This was tested using the electrochromic shift (ECS) of carotenoid absorption, which is proportional to the number of light-induced charge separations occurring in both PSI and PSII^[@R36]^. The relative contributions of each photosystem can be calculated from the difference in signal measured in the presence or absence of PSII inhibitors, DCMU and hydroxylamine. Using this technique, we found that NoLHCII has a PSI:PSII ratio of 0.41 ± 0.07 compared to 0.75 ± 0.08 in WT (mean ± s.d.; n = 4) ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). Thus, the smaller cross-section of PSII is compensated by a relatively lower PSI content.

Thylakoid ultrastructure {#S6}
------------------------

PSII supercomplexes are largely localized in the stacked regions of the thylakoid membrane called the grana, while PSI is localized in the unstacked region called the stroma lamellae^[@R37]^. Absence of grana can lead to a mixing of PSI and PSII and the photochemical quenching of excitation energy by PSI in what is termed "spillover"^[@R38]^. Currently there is contradictory information regarding the importance of LHCII to the formation of grana stacks^[@R39],[@R40]^, therefore it was essential to check the thylakoid ultrastructure in NoLHCII plants. Upon inspection of chloroplasts using transmission electron microscopy we found that the extent of thylakoid stacking was similar in both WT and NoLHCII ([Figure 4](#F4){ref-type="fig"}). There is a small but significant decrease in NoLHCII grana height, but no significant change to the width of these stacks ([Extended Data 2](#F7){ref-type="fig"}).

NPQ without LHCII {#S7}
-----------------

The capacity of NoLHCII to dissipate excess energy was measured by the non-photochemical quenching of chlorophyll fluorescence under high light intensities. Compared to WT, NoLHCII plants exhibit a \~60% reduction in the steady-state level of NPQ ([Figure 5a](#F5){ref-type="fig"}) and this has similar, although slightly slower, induction kinetics to WT and is largely reversible ([Figure 5b](#F5){ref-type="fig"}).

Given the significant difference in functional antenna size, we measured steady-state NPQ levels over a range of light intensities to ensure light absorption was not a limiting factor in NPQ induction ([Figure 5c](#F5){ref-type="fig"}). The amplitude of NPQ is found to be saturating in light intensities of 1287 μmol photons m^−2^ s^−1^ in both WT and NoLHCII. When the kinetics of NPQ are compared to WT under the same excitation intensity per PSII, similar results are observed ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}).

The level of NPQ is also known to be affected by the quantity of PsbS and zeaxanthin in the thylakoid membrane^[@R10],[@R41]^. Immunoblot analysis of WT and NoLHCII thylakoids indicated there were no significant differences in the level of PsbS relative to the PSII core ([Figure 1c, d](#F1){ref-type="fig"}) and HPLC analysis showed no significant difference in the amount of zeaxanthin in WT and NoLHCII leaves during maximum NPQ induction ([Extended Data 3](#T2){ref-type="table"}). Overall, the data suggest that the reduction of NPQ can be attributed to the loss of quenching sites in LHCII.

To determine the origin of the remaining quenching we also measured NPQ in the Chl-*b* less mutant Ch1 ([Figure 5a-c](#F5){ref-type="fig"}). Due to the lack of Chl *b*, almost all PSII peripheral antenna fail to accumulate in the thylakoid membrane^[@R42],[@R43]^**.** The minor antenna complex, CP26, is the only PSII antenna protein present, although this was shown to be an apoprotein, which did not contain chlorophylls or contribute to the functional antenna^[@R43]^. We therefore expect that any quenching present in the Ch1 mutant is arising from the PSII core. The NPQ of these two mutants is remarkably similar, apart from the initial onset of NPQ which appears to be slightly faster in Ch1 than NoLHCII, they both reach the same total level and follow similar kinetics of recovery in darkness ([Figure 5a-c](#F5){ref-type="fig"}). This suggests that they both share a common, light-inducible quenching mechanism involving the PSII core.

To test if this quenching was zeaxanthin-dependent, we measured NPQ over two illumination periods separated by a period of dark recovery ([Figure 5d](#F5){ref-type="fig"}). Zeaxanthin is formed during the first illumination period and is immediately present upon the onset of the second illumination due to the comparatively slow conversion of zeaxanthin back to violaxanthin in the dark^[@R44]^. The presence of zeaxanthin in the membrane causes an almost instantaneous rise to maximal NPQ and this is observed in both WT and NoLHCII suggesting that zeaxanthin is playing an active role in NPQ in these plants. This was confirmed via a reduction in NPQ following vacuum infiltration of NoLHCII leaves with dithiotheitol (DTT), a reducing agent which prevents the conversion of violaxanthin to zeaxanthin by inhibition of violaxanthin de-epoxidase ([Extended Data 4](#F8){ref-type="fig"})^[@R45],[@R46]^.

Discussion & conclusions {#S8}
========================

NPQ is an important mechanism for plants to protect themselves under rapidly fluctuating light intensities. Since the discovery of NPQ in plant chloroplasts approximately 50 years ago^[@R47],[@R48]^, the precise location of quenching has still not been unequivocally proven. Currently, there is debate as to whether it is occurring in LHCII^[@R8],[@R49]^, the minor antennae^[@R50]^ or both^[@R26],[@R51]^ but there has also been suggestion of a quenching mechanism in the PSII core^[@R43]^. To disentangle the contributions of these three components of the PSII supercomplex to NPQ we compare the steady-state NPQ levels of WT plants, plants devoid of LHCII (NoLHCII) and plants lacking both LHCII and minor antenna (Ch1).

To measure the contribution of LHCII to quenching we have developed an *Arabidopsis* mutant which is devoid of LHCII trimers. In these plants we observe a \~60% decrease in NPQ, which we attribute to the loss of quenching sites in LHCII. This is due to the fact that (a) we did not observe any significant changes to the levels of PsbS, zeaxanthin, or grana stacking which have been shown to affect the level of NPQ^[@R10],[@R38],[@R41]^, and (b) the level of NPQ saturates under increasing light intensities, ruling out reduced light harvesting capacity as a factor limiting NPQ induction. This decrease in NPQ is much larger than what was observed in the LHCII knockdown lines generated by Andersson *et al.* (2003)^[@R29]^. The difference can be explained by the fact that we did not observe upregulation of the minor antenna complexes, or the formation of trimers in our plants.

In the absence of LHCII there is still a significant amount of NPQ occurring and this must originate from a quenching site in the minor antenna and/or the PSII core. To determine the contribution of each, we also measured NPQ in the Chl-*b* less mutant, Ch1, which lacks all PSII peripheral antenna^[@R42],[@R43]^. This mutant has previously been shown to have NPQ which was tentatively attributed to a RC quenching mechanism within the PSII core^[@R43]^. The capacity to perform NPQ is almost identical in NoLHCII and Ch1, suggesting that the core is the main contributor to NPQ in our mutant.

A quenching site in the core is in line with the recent paper by Farooq *et al.* (2018) whereby measuring ultrafast time-resolved fluorescence of intact leaves, the authors observe the immediate appearance and disappearance of a distinct quenching mechanism in response to the closing and reopening of the PSII RC^[@R52]^. This phenomenon can only be explained if there is a quenching site close to the RC, which can rapidly respond to signatures of the open and closed states^[@R52]^.

The absence of rapid and reversible quenching in the PsbS KO mutant^[@R10],[@R11],[@R53]^ suggests that the quenching in the core is a PsbS-dependent process. Accordingly, we envisage a scenario in which PsbS docks to the core antenna complexes, CP43 or CP47, and influences its surrounding environment to produce a quenching site. This is supported by the biochemical analysis of PsbS interaction partners^[@R54]^. The data reveal a strong interaction with LHCII trimers and PSII core proteins, particularly CP47, in the dark-adapted state, which is further enhanced in the NPQ-activated state. Moreover, the recently resolved structure of the C~2~S~2~M~2~ PSII supercomplex, shows a cleft between CP24 and CP47, which is able to fit PsbS in manual docking simulations^[@R1]^.

Our results also indicate that the minor antenna complexes can only have a limited effect on quenching. Recently, a triple knockout mutant lacking all minor antennae was shown to have the same total level of NPQ as WT, but altered kinetics of NPQ formation, with a transient period of fluorescence recovery in the first few minutes of illumination^[@R51]^. From this it was concluded that an early phase of NPQ was catalysed within the monomeric LHC proteins. However, due to the role of the minor antennae in structurally and energetically connecting LHCII to the PSII core, there is a large pool of poorly connected LHCII, possessing long fluorescence lifetimes in this mutant^[@R30]^. It has since been suggested that the disruption of the PSII supercomplex, rather than the specific loss of quenching sites in the minor antennae is the cause of the altered NPQ kinetics in this mutant^[@R55]^.

To conclude, our results show that the majority of NPQ occurs in LHCII, but there is an additional site of PsbS-dependent quenching in the PSII core, most likely in the core antenna complexes CP43 and/or CP47.

Methods {#S9}
=======

Plant material and growth conditions {#S10}
------------------------------------

NoLHCII plants were generated by crossing hemizygous *amiLhcb1* and homozygous *amiLhcb2* mutant lines^[@R32]^. We used plants from a single line in the third generation, as subsequent generations displayed increasing expression of both Lhcb1 and Lhcb2. Four-week-old plants lacking Lhcb1 could be identified by a distinctive pale green phenotype, each of these plants was then systematically screened by Western blotting using Lhcb1 and Lhcb2 antibodies (Agrisera, Sweden). Plants containing less than 5% Lhcb1 and 1% Lhcb2 were used for further analyses.

*Arabidopsis thaliana* WT (Col-0) and NoLHCII were grown under 120 μmol photons m^−2^ s^−1^, 21 °C/18 °C, 12/12 day/night cycle for 4-6 weeks. Ch1 plants (chlorophyll *b*-lacking mutants)^[@R42]^ were grown under the same conditions but for 8-10 weeks. To induce light stress, 5-week-old WT and NoLHCII plants were exposed to 1200 μmol photons m^−2^ s^−1^ for 30 minutes and leaves were frozen immediately in liquid nitrogen.

Thylakoid membrane isolation and sucrose density gradients {#S11}
----------------------------------------------------------

Thylakoid membrane preparations were performed as described previously^[@R56]^. WT and NoLHCII thylakoids, solubilized with 0.6% α-DM at a concentration of 0.5 mg Chl/mL, were loaded on sucrose density gradients, made by freezing and thawing 0.5 M sucrose, 0.03% α-DM and 20 mM Hepes (pH 7.5), and centrifuged at 41000 rpm for 14 hours at 4°C. The bands were harvested with a syringe.

Gel electrophoresis and immunoblotting {#S12}
--------------------------------------

SDS-page gels were performed using a Tricine-SDS PAGE system described in^[@R57]^ with a 4% stacking and 12% running gel.

Immunoblotting was performed using antibodies from Agrisera and protein levels were determined using Image Studio™ Lite (LI-COR, US). Five different quantities (0.5, 1.0, 1.5, 2.0 and 2.5 μg) of total thylakoid Chl were loaded for each sample to confirm that the antibody signal was linearly proportional to sample quantity. The values were normalized to both CP43 (PSII core subunit) and to their respective WT level.

BN-PAGE was performed as in^[@R58]^ with a 4% stacking and 4--12.5% resolving gel polymerized from a 32:1 bis-acrylamide/acrylamide mixture. A total of 8 μg of Chl was loaded per lane, with a final Chl concentration of 0.5 mg/mL and final detergent concentration of 1% α-DDM.

Pigment analysis {#S13}
----------------

Pigments were extracted from frozen leaves in 80% acetone. Room temperature absorption spectra were recorded on a Varian Cary 4000 UV--vis spectrophotometer. Chl *a*/*b* and Chl/carotenoid ratios were calculated by fitting the absorption spectrum of the pigment extract with the spectra of the individual pigments. The relative amount of carotenoids was determined by HPLC as described by^[@R59]^ with modifications as reported in^[@R56]^.

Transmission spectra of intact leaves were measured on the Varian Cary 4000 UV--vis spectrophotometer equipped with an integrating sphere. The transmission was integrated over 350-700 nm and 1-%T was used to calculate leaf absorbance. Fluorescence spectra at 77 K were recorded using a cold finger filled with liquid nitrogen in a Fluorolog 3.22 spectrofluorimeter (Jobin Yvon-Spex, Japan).

PSI/PSII ratio {#S14}
--------------

The PSI/PSII ratio was determined using the JTS-10 spectrometer (BioLogic, France) in the absorption mode, using the electrochromic signal^[@R36]^. In brief, charge separation by the Photosystems forms a homogenous, trans-thylakoid electric field which shifts the absorption spectra of carotenoids present in the membrane. These changes are observable in the blue-green region of the spectrum. PSI and PSII charge separation capacity was estimated by applying a single turnover, saturating laser flash (fluorescent dye emitting at \~630 nm pumped with a 5 ns full width at half maximum (FWHM) Nd:YAG laser flashes at 532 nm; Minilite II, Continuum, USA) and measuring the amplitude of the ECS signal at 520 nm shortly after (300 μs) the flash to avoid slower electron transfer events contributing to the ECS signal. The signal was corrected for small changes by subtracting the signal at 546 nm (see [Supplementary Figure 1](#SD1){ref-type="supplementary-material"} for the raw data; both wavelengths were selected by filtering white detecting LEDs with 10 mm thick, 10 nm FWHM filters; Schott, Germany; The actinic light was blocked from reaching the detectors with 3 mm thick BG39 bandpass filters (Schott) at both detection wavelengths). To deconvolute the contribution of each photosystem to the ECS signal, measurements were performed on leaves infiltrated with 10 mM HEPES (pH 7) and 150 mM sorbitol solution (PSII+PSI signal) and with PSII inhibitors (200 μM DCMU and 1 mM hydroxylamine in HEPES-sorbitol; PSI signal only). The maximal photochemical yield of PSII (F~V~/F~M~) was systematically verified to attain values below 0.02, thus confirming successful PSII inhibition.

Functional antenna size measurements {#S15}
------------------------------------

Fluorescence induction kinetics were measured using the JTS-10 spectrometer (BioLogic) in fluorescence mode. Dark-adapted leaves were infiltrated with HEPES-sorbitol solution (see above) containing 200 μM DCMU. White light from detecting LEDs was filtered through 10 mm thick, 10 nm FWHM, 520 nm filter (Schott) to obtain the fluorescence signal. Red actinic light from LEDs peaking at 630 nm at various sub-saturating intensities (*80, 150 and 300 μmol photons m^−2^ s^−1^*) was used to induce fluorescence yield changes. It was systematically verified with a pulse of saturating light (\~ 3000 photons s^-1^ PSII^-1^) that the DCMU quantity was saturating and the F~M~ (maximal yield of PSII fluorescence, when the Q~A~ quinone is fully reduced) was successfully reached even at low light intensity.

The reciprocal of the integrated area above the DCMU fluorescence curve translates to the average time needed for photon absorption and a single, stable charge separation by a PSII i.e. the PSII electron transport rate (ETR)^[@R34],[@R35]^. Because the light intensity is sub-saturating, PSII ETR directly depends on its functional antenna size^[@R34],[@R35]^. The PSII ETRs were plotted as a function of light intensity, linearly fitted (forced through (0,0)) and the slopes of the fit were compared to yield functional antenna size differences between the mutants. The fitting was done using Origin (OriginLab, USA).

It is important to note that the DCMU addition increases the F~0~ due to a conversion of a fraction of the centers which exist in darkness in a \[Q~A~; Q~B~^.-^\] state to a \[Q~A~^-^; DCMU\] state (e.g. ^[@R34]^). It is thus crucial to use the actual F~0~ value (in the absence of DCMU) as a starting point for the calculation of the areas above the curve. Here, we have done that by linearly extrapolating the initial slope of the fluorescence rise from the F~0~'~(DCMU)~ level to the F~0~ recorded in dark-adapted plants (see ^[@R35]^ for details).

Electron microscopy {#S16}
-------------------

Leaf strips were cut from 5-week-old plants that had been dark adapted overnight. The strips were immediately fixed in a solution containing 2% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in 0.1 M Caco buffer (pH 7.4) in the dark for 2 hours at room temperature and then at 4°C overnight. The samples were then treated and imaged according to ^[@R60]^ but substituting 0.1 M PBS buffer with 0.1 M Caco buffer (pH 7.4). Measurement of grana height and width were performed using ImageJ^[@R61]^.

Chlorophyll fluorescence and NPQ {#S17}
--------------------------------

Chlorophyll fluorescence was measured with the Dual PAM-100 apparatus (Walz, Germany). Plants were dark-adapted for one hour before measurement to ensure all PSII RCs were open. A measuring beam of 3 μmol photons m^−2^ s^−1^ was applied at a frequency of 20 Hz to obtain the minimal level of fluorescence (F~0~). A saturating light pulse of 12,000 μmol photons m^--2^ s^--1^ with a duration of 190 ms was applied to determine maximal fluorescence (F~M~). The difference between F~M~ and F~0~ is defined as the variable fluorescence (F~v~) and the ratio of F~v/~F~M~ was used to estimate the maximal photochemical yield of PSII.

NPQ was induced with actinic light intensities of 13-1287 μmol photons m^−2^ s^−1^, the exact values are indicated in the main text. Saturating light pulses of the same intensity and duration as above were applied to determine the maximal fluorescence in the light adapted state (F~M~'). To follow NPQ kinetics, a saturating pulse was applied every 20 seconds for 8 minutes and then once per minute for 10 minutes to follow NPQ recovery in darkness. NPQ is calculated according to the equation (F~M~--F~M~′)/F~M~′ and estimates the rate constant for heat loss from PSII. Please see [Supplementary Figure 3](#SD1){ref-type="supplementary-material"} for example fluorescence traces with annotations. All measurements were performed on leaves still attached to the plant and repetitions were performed on different plants.

Extended Data {#S18}
=============
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  Sample         A             N             V             L              Z             β-C           Z+A           (Z+0.5\*A)/(Z+A+V)
  -------------- ------------- ------------- ------------- -------------- ------------- ------------- ------------- --------------------
  WT DARK        \-            4.45 ± 0.19   4.5 ± 0.22    16.54 ± 0.23   \-            4.53 ± 1.83   \-            \-
  NoLHCII DARK   \-            2.43 ± 0.18   5.2 ± 0.31    12.77 ± 0.22   \-            7.79 ± 0.50   \-            \-
  WT HL          1.38 ± 0.41   4.23 ± 0.42   2.18 ± 0.09   17.69 ± 1.10   1.58 ± 0.32   6.05 ± 2.44   2.95 ± 0.34   0.44 ± 0.04
  NoLHCII HL     1.18 ± 0.38   2.28 ± 0.36   3.07 ± 0.64   14.9 ± 0.81    2.1 ± 0.32    8.63 ± 2.6    3.28 ± 0.36   0.43 ± 0.07
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![**Biochemical characterization of NoLHCII.** (a) Coomassie-stained SDS-PAGE of WT and NoLHCII thylakoids. (b) BN-Page of WT and NoLHCII thylakoid membranes solubilized with 1% α-DM. (c) Immunoblots of WT and NoLHCII PSII antenna proteins. Thylakoids were loaded onto the SDS-Page gel in increasing amounts of Chl content to check for signal linearity. Non-linear signals were excluded from the analysis. (a-c) Experiments were repeated independently three times with similar results. (d) Results of immunoblot analysis. Signal intensity was normalized to the corresponding WT signal and to the quantity of PSII core (CP43). The bar graph shows the mean + s.d. Each individual data point is overlayed.](EMS84325-f001){#F1}

![**Phenotype of WT (left) and NoLHCII (right)** after growing for 4 weeks under 120 μmol photons m^−2^ s^−1^, in 12/12 hour light/dark cycle. This experiment was repeated independently three times with similar results.](EMS84325-f002){#F2}

![**Functional antenna size of PSII**. (a) Chl fluorescence induction curves of both WT and NoLHCII measured in the presence of DCMU using sub-saturating light of 80 μmol photons m^−2^ s^−1^. (b) The light-limited, maximal PSII electron transport rate (ETR) of WT and NoLHCII determined using sub-saturating light of 80, 150 and 300 μmol photons m^−2^ s^−1^. See [Supplementary Table 1](#SD1){ref-type="supplementary-material"} for the fitting parameters. The data in both panels represent the mean ± s.d. (n = 5 biologically independent experiments)](EMS84325-f003){#F3}

![Electron micrographs of representative WT (left) and NoLHCII (right) chloroplasts. This experiment was repeated on three biologically independent samples with similar results.](EMS84325-f004){#F4}

![NPQ characteristics of WT, NoLHCII and Ch1 plants. (a) NPQ kinetics when illuminated with 1287 μmol photons m^−2^ s^−1^. (b) Normalised NPQ kinetics. (c) Steady-state NPQ levels measured in a range of actinic light intensities. (d) NPQ kinetics with two periods of light induction, both at 1287 μmol photons m^−2^ s^−1^. (a-d) The data represent the mean ± s.d (n = 3 biologically independent experiments).](EMS84325-f005){#F5}

###### Measurements of key photosynthetic parameters of *Arabidopsis* WT and NoLHCII

                             Chl *a*/*b*   Chl/Car       Rel. Chl/leaf area   Leaf absorbance   F~V~/F~M~
  ---------------------------------------- ------------- -------------------- ----------------- -------------
  **WT**          3.45 ± 0.01              3.62 ± 0.02   1 .00 ± 0.08         0.86 ± 0.01       0.82 ± 0.01
  **NoLHCII**    4.40 ± 0.01               3.76 ± 0.01   0.58 ± 0.05          0.79 ± 0.01       0.75 ± 0.02

Values are mean ± s.d. (n = 5 biologically independent samples).
